diScloSure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. * Ms. Rüegg and Ms. Wicki contributed equally to this work and should be considered co-first authors. obJect The authors investigated the relevance of 2D MRI measurements for the diagnosis of critical cervical spinal canal stenosis. Among patients who had sustained a minor cervical spine trauma, they compared MRI measurements of the cervical spine between those with acute cervical spinal cord injury (CSCI) and those without. They also investigated the correlation between the MRI measurements and the severity of CSCI as well as classification accuracy concerning the diagnosis of critical spinal canal stenosis for acute CSCI after a minor trauma. methodS The authors conducted a single-center retrospective radiological case-control study of patients who had sustained CSCI after a minor trauma to the cervical spine from January 2000 to August 2010. The controls were patients who had sustained a cervical trauma without clinical or radiological signs of cervical spinal cord pathology. On axial T2-weighted MR images, the following were measured: the transverse spinal canal and cord area, the transverse and sagittal cord diameter, and the sagittal canal diameter of the cervical spine (C3-7). Using these measurements, the authors calculated the cord-canal-area ratio by dividing the transverse cord area by the transverse canal area, the space available for the cord by subtracting the sagittal canal diameter from the sagittal cord diameter, and the compression ratio by dividing the transverse cord diameter by its sagittal diameter. The severity of CSCI was assessed by using the motor index scores of 10 key muscles at different time points (initially, 1, 3, and 12 months after injury) obtained from the clinical records. The intra- and interobserver reliability of the MRI measurements, intra- and intergroup differences, and correlations between variables were also investigated. Receiver operating characteristic curves were calculated for evaluating the classification accuracy of the imaging variables for CSCI. reSultS Data for 52 CSCI patients and 77 control patients were analyzed. The intra- and interobserver reliability regarding the MRI measurements ranged from good (0.72) to perfect (0.99). Differences between the CSCI group and the control group were significant (p < 0.001) for all parameters, except for the cord area. The most prominent differences between the groups existed for the spinal canal area, cord-canal-area ratio, and space available for the cord. The classification accuracy was best for the cord-canal-area ratio and the space available for the cord; areas under the curve were 0.99 (95% CI 0.97-1.0) and 0.98 (95% CI 0.95-0.99), respectively. There was no significant (p > 0.05) correlation between any of the imaging parameters and the motor index score at any time point. coNcluSioNS The cord-canal-area ratio (> 0.8) or the space available for the cord (< 1.2 mm) measured on MR images can be used to reliably identify patients at risk for acute CSCI after a minor trauma to the cervical spine. However, there does not seem to be any association between spinal canal imaging characteristics and the severity of or recovery from CSCI after a minor trauma.
A cute cervical spinal cord injury (CSCI) can occur after a hyperextension or hyperflexion trauma to the neck despite only minor trauma (i.e., no osseous or discoligamentous injury), as a result of cervical spinal canal stenosis. 2, 14, 16 Presently, the Torg-Pavlov ratio (TPR) 19 (ratio of the spinal canal to the vertebral body) is commonly used to assess (congenital) cervical spinal canal stenosis on conventional radiographs. However, the low positive predictive value of the TPR represents a major disadvantage. 2, 7, 13, 18 Spondylotic changes, which most commonly occur in the vicinity of the intervertebral disc, and canal narrowing caused by soft tissue cannot be assessed with the TPR. 6, 20 There is evidence that MRI parameters are more suitable for the evaluation of cervical spinal canal stenosis. 1, 13 The intra-and interobserver reliability of MRI parameters such as the transverse spinal cord area, the cord compression ratio (ratio transverse: sagittal cord diameter), and the sagittal canal diameter have been good. 1, 8 These MRI parameters have been investigated for athletes with cervical spinal neurapraxia 13, 17 and for Asian persons with chronic spondylotic cervical myelopathy. 11, 15 However, the relevance of the transverse spinal cord and canal area and the spinal cord compression ratio for the diagnosis of critical cervical spinal canal stenosis and the prediction of the severity of acute CSCI after a minor trauma to the cervical spine has not been investigated.
We therefore retrospectively investigated the transverse spinal cord and canal area as well as the spinal cord compression ratio in patients after a minor trauma to the cervical spine. We tested the hypotheses that in patients who sustained a minor trauma to the cervical spine, significant differences would be found in the transverse spinal cord area, the transverse spinal canal area, and the spinal cord compression ratio between those with acute CSCI and those without. Furthermore, we investigated the correlation between the transverse spinal cord or canal area or the spinal cord compression ratio and the severity of CSCI (motor index score [MIS] ). We also investigated the classification accuracy of the spinal cord and canal areas as well as the compression ratio concerning the diagnosis of critical spinal canal stenosis for acute CSCI after a minor trauma to the cervical spine.
methods patient populations
Approval for this single-center study at the Swiss Paraplegic Centre, Nottwil, Switzerland, was granted by the local ethics committee. All patient data were made anonymous and kept confidential.
Patients with acute traumatic CSCI were identified by reviewing our database for patients who had consecutively sustained injuries that caused tetraplegia or tetraparesis (American Spinal Injury Association [ASIA] Impairment Scale A-D) from January 2000 to August 2010. We excluded from the study those patients with nontraumatic CSCI, those with preceding neurological symptoms, and those without radiological signs of CSCI (i.e., hyperintense signals in the spinal cord on T2-weighted sagittal MR images indicating edema or hemorrhage). To limit our study to patients with minor cervical spine trauma, we applied the following exclusion criteria: fractures (except for isolated fractures of spinous processes) and discoligamentous injuries of the cervical spine (assessed on MR images). We also excluded patients with gunshot, stabbing, or highvoltage current injuries and patients younger than 20 years.
The control group consisted of patients who had consecutively sustained a flexion-extension trauma to the cervical spine without clinical or radiological signs of cervical spinal cord pathology from January 2000 to August 2010 and who were admitted to the Swiss Paraplegic Centre. Patients with a history of cervical spinal cord disorders were excluded. To ensure that age ranges of patients in both groups were similar, we excluded from the control group those patients who were younger than 35 or older than 80 years.
Patient characteristics were collected from the electronic patient charts (MedFolio 2.2, Nexus AG).
imaging measurements
Measurements were taken from conventional radiographs and axial T2-weighted MR images of the cervical spine in neutral position from the C-3 to the C-7 vertebral body. We used Phoenix PACS software (version 2.2.0.1815, release 3.0; Phoenix-PACS GmbH) and recorded to the nearest 0.1 mm/mm 2 .
On the conventional radiographs, we measured the sagittal diameter of the vertebral body and the spinal canal from the midpoint of the posterior aspect of the vertebral body (Fig. 1) ; we then calculated the TPR by dividing the spinal canal diameter by the vertebral body diameter. 19 The TPR is an established parameter for assessing spinal canal stenosis.
On the axial MR images, the following parameters were measured: the transverse spinal canal and cord area, the transverse and sagittal cord diameter, and the sagittal canal diameter (Fig. 2 ). Measurements were taken at the level of the intervertebral disc. To delineate between the subarachnoid space and ligamentous or osseous structures, we set the border of the spinal canal area (i.e., the subarachnoid space) along the inner border of low signal intensity (Fig. 2) . 4, 11 Using these measurements, we calculated the following parameters: the cord-canal-area ratio, by dividing the transverse cord area by the transverse canal area; 11, 12 the space available for the cord, by subtracting the sagittal canal diameter from the sagittal cord diameter; 13 and the compression ratio, by dividing the transverse cord diameter by its sagittal diameter. 4, 8 For investigating the intra-and interobserver reliability of the MRI measurements, all parameters were measured in triplicate by 2 observers for 10 randomly chosen patients (5 from each group).
motor index Score
The MISs established at the following time points were extracted from the clinical records (electronic and paper charts): initial MIS (within 2 weeks after CSCI), MIS after 1 and 3 months (MIS1 and MIS3, respectively), and MIS after 12 months (MIS12). The key muscles were evaluated by occupational therapists according to the ASIA guidelines. 5 The MIS improvement at 1, 3, and 12 months was calculated by subtracting the initial MIS (MIS initial ) from the MIS of the respective time point (i.e., MIS1, MIS3, or MIS12). The recovery rate (RR) 9 at the 3 follow-up time points was calculated using the following formulas:
Statistical analysis
Data were calculated as medians and 95% confidence intervals. Intraclass correlation coefficient analysis for absolute agreement of single measures was used to test for intra-and interobserver reliability of the measurements on the MR images. The intra-and intergroup differences were tested by using the Wilcoxon signed-rank and ranksum tests, respectively. Spearman rank-order analysis was used to investigate correlations between variables. Receiver operating characteristic (ROC) curves were calculated for evaluating the classification accuracy of the imaging variables for CSCI. Only the minimal or maximal values of each patient were used for ROC curve analysis. A p value < 0.05 was considered significant for all statistical analyses. Statistical analyses were performed by using SPSS software version 18.0 (IBM).
results patient populations
Data for 52 CSCI and 77 control patients were analyzed. Patient characteristics are presented in Table 1 . At admission, the ASIA Impairment Scale scores among the 52 CSCI patients were A for 14 (27%), B for 12 (23%), C for 9 (17%), and D for 17 (33%). At discharge, these scores for the same 52 patients were A for 4 (8%), B for 7 (13%), C for 9 (17%), D for 24 (46%), and E for 8 (15%). Of the 52 patients, neurological status improved partially in 26 (50%) and not at all in 18 (35%); 27% of patients had undergone decompression surgery and fusion.
imaging measurements
The intra-and interobserver reliability regarding the MRI measurements ranged from good (0.72) to perfect (0.99) ( Table 2 ).
The measured and calculated imaging parameters for assessing cervical spinal canal stenosis are presented in Table 3 . Differences between the CSCI and control groups differed significantly (p < 0.001) for all parameters except the transverse cord area and the transverse cord diameter. The most prominent differences between the groups existed for sagittal canal diameter, spinal canal area, cordcanal-area ratio, and space available for cord.
The results from the classification accuracy analysis of the different parameters for the diagnosis of acute CSCI after a minor trauma to the cervical spine are presented in Table 4 . The transverse cord diameter and area were not submitted to classification accuracy analysis because there was no significant difference between the 2 groups. The classification accuracy for CSCI after a minor trauma was best for the cord-canal-area ratio and the space available for cord with areas under the curve of 0.99 (95% CI 0.97-1.0) and 0.98 (95% CI 0.95-0.99), respectively. The cord compression ratio was significantly inferior to the other MRI parameters (no overlap of 95% CI for area under the curve; Table 4 ).
motor index Score
The initial MIS of the CSCI patients after the trauma was 24.5 (95% CI 2.5-99.1) out of 100, as presented in Table 5. Two patients had sustained only sensory deficits, and thus the initial MIS was 100. After 1 month, 23% of the neurological recovery potential had been achieved (RR): patients had experienced a median improvement of 16.7 MIS (95% CI −9.8 to 34.7). After 12 months, all patients had experienced motor deficit improvement. The median MIS was 69.0 (95% CI 10.3-99.6), which corresponded to a median improvement of 43.5 (2.4-71.4) and a median RR of 0.59 (95% CI 0.09-0.99); for 7 patients, the total MIS after 12 months was greater than 90.
The correlations between the imaging parameters and the initial MIS as well as the MIS, MIS improvement, and the RR at 3 and 12 months after the trauma were weak (correlation coefficient r < 0.5) and not significant (p > 0.05).
discussion
Acute CSCI after a minor trauma represents a severe threat for patients with cervical spinal canal stenosis. To the best of our knowledge, ours is the first investigation of the value of these MRI parameters (transverse spinal cord, transverse spinal canal area, and spinal cord compression ratio) for the diagnosis of critical spinal canal stenosis and the prediction of the severity of acute CSCI after a minor trauma to the cervical spine. The hypothesis, that the transverse spinal canal area and the spinal cord compression ratio differ significantly between patients with and without acute CSCI after a minor trauma to the cervical spine, was confirmed. The hypothesis concerning the transverse spinal cord area was rejected. The classification accuracy for CSCI reached values greater than 90% and was best for the cord-canal-area ratio and the space available for cord. However, no significant correlation was found between any of the imaging parameters and the severity of or recovery from CSCI after the trauma.
Classification Accuracy of Imaging Parameters
Cutoff values of 0.8 for the cord-canal-area ratio and 1.2 mm for the space available for cord yielded the greatest positive likelihood ratios for the occurrence of CSCI after a minor trauma. The positive likelihood ratios were greater than 10 for these 2 parameters, indicating a greatly increased risk for acute CSCI after a minor trauma if the parameters were below the above-mentioned cutoff values. The positive likelihood ratio provides an estimate of how much a test result will change the odds of having a condition and includes both sensitivity and specificity. The areas under the ROC curve were 0.99 and 0.98 for the cord-canal-area ratio and space available for cord, respectively, which indicates almost perfect discrimination between patients with CSCI and those without. The classification accuracies of the cord-canal-ratio and the space available for cord, based on area measurements, have not yet been investigated. Authors investigating the relationship between the development of neurological impairment and spinal canal stenosis by using the spinal cord and canal area have not submitted the parameters to ROC curve analysis. 11, 16 In previous studies, the cord-canal-ratio and space available for cord were calculated by using cord and canal diameter measurements. The classification accuracy of the diameter ratios reached values from 0.81 to 0.92. 1, 13 These values correspond with our results for the sagittal canal diameter (0.93). The classification accuracy of the area ratios is therefore superior to the diameter ratios, which is not surprising, given that spinal canal stenosis is not limited to the sagittal plane.
The classification accuracy of the TPR was significantly (no overlap of 95% CI) lower than that for MRI parameters, except for the compression ratio and the sagittal cord diameter. Our results thus corroborate previously reported results concerning the superiority of MRI parameters for the assessment of spinal canal stenosis compared with the TPR measured on conventional radiographs. 1, 7, 13, 18 However, the cord dimensions by themselves did not prove to be good classifiers for acute CSCI after a minor trauma. The classification accuracy of the compression ratio (0.74) and the sagittal cord diameter (0.72) were even lower than the accuracy of the TPR (0.78). Naturally, the spinal cord size represents only one side of the coin and the canal dimensions the other. The spinal cord dimensions might be more relevant for injury severity; however, we did not observe any correlation between cord parameters and neurological impairment or recovery.
characterization of Spinal canal Stenosis
In our study, all investigated parameters, notably the MRI parameters apart from the cord area and the transverse cord diameter, were characteristic for patients with acute CSCI after a minor trauma. The average transverse 12,16 These previous measurements were taken at the midvertebral level, whereas our measurements were taken at the level of the intervertebral disc. To identify the critical size of the canal area, measurements should thus be performed at the disc level.
correlation between imaging parameters and Neurological impairment or recovery
In previous studies, no correlation between spinal canal imaging parameters and the severity of or recovery from acute CSCI, described by the ASIA Impairment Scale, was observed. 1, 16 To improve the sensitivity of our investigation of the association between canal stenosis and CSCI, we therefore used the MIS of the ASIA key muscles to characterize CSCI. However, we observed no significant correlation between the MIS and any of the imaging parameters. The discrepancy between the severity of spinal canal stenosis and CSCI may be the result of dynamic spinal canal changes during a hyperextension trauma, differences in trauma severity, or posttraumatic injury (e.g., edema formation). 10, 15 limitations
The limitations of our study include its retrospective design. The prevalence of spinal canal stenosis in the general population is unknown, and there are unidentified differences between patients in the trauma severity. Furthermore, patient selection bias may exist as a result of investigating patients who sought care at our institution. Last, blinded assessment of the imaging parameters was not possible because the group association was obvious from the images. Prospective studies are needed to repeat and validate our results.
clinical relevance
According to our results, the evaluation of critical cervical spinal canal stenosis using MRI parameters, such as the canal-to-cord-area ratio and the space available for the cord, enables discrimination between patients at risk for CSCI and those not at risk; sensitivity and specificity are greater than 90%. Measuring and calculating MRI parameters provides relevant additional information compared with the simple TPR, despite limitations inherent to the MRI technique (e.g., CSF pulsation artifacts, chemical shift artifacts, accumulation of hypointense anatomical structures). 3 The risk for trauma-induced CSCI can be assessed by applying a cutoff value of 0.8 for the cord-canal-area ratio with a false-negative rate of 10% and a false-positive rate of 1%. However, the cutoff values presented herein should not be used as the sole indication to restrict activities or perform prophylactic surgical interventions. They might, however, represent valuable additional information concerning further diagnostic or therapeutic steps when assessing cervical spinal canal stenosis.
conclusions
The cord-canal-area ratio (> 0.8) or the space available for the cord (< 1.2 mm) measured on MR images can be used to identify patients at risk for acute CSCI after a minor trauma to the cervical spine; the sensitivity and specificity of these parameters are high. However, imaging characteristics of the spinal canal do not seem to be associated with the severity of or recovery from CSCI after a minor trauma. 
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